]. It has a distinctive 6-layered architecture continuous throughout with each layer dominated by a principal class of neuron. Regional variations in the stratification patterns, corresponding to functional architectonic subdivisions, are distinguished by characteristic widths, patterns of cell arrangements and density and tinctorial properties of the cells of each lamina. These diverse features, which characterize the mature cortex and are indispensable to its operations, have a complex histogenetic history that reflects a dramatic, precisely orchestrated sequence of cellular events implemented by complex signaling and molecular mechanisms. In the largest mammals, these events, coordinated over months, regulate the origin, qualities and disposition of literally millions of neurons [Sidman and Rakic, 1982] . We review in the following salient highlights of these cellular events as our understanding of them has emerged in the course of more than a century of investigations. We begin with several brief historical notes treating work from late in the 19th century. We view these contributions as the origin of investigational themes for the century that was to come. We will continue with a review of highlights of work following these investigational themes. These are the origin of the neocortical projection neurons in the periventricular proliferative epithelium, their migration from place of
origin to cortex, the events within the cortex that eventuate in their final relative positions and finally the winnowing process that culminates in the final roster of neurons.
Historical Notes
A critical and organizing insight, setting the stage of the developmental cell biological discoveries to come, was achieved late in the 19th century by His [1889 His [ , 1904 . Specifically he was able to infer from general cell stains that neurons of the neocortex arise not in situ within the cortex itself but rather in the course of a sustained process of cell proliferation in an epithelium lining the ventricular cavities in the depths of the cerebral vesicle. It was apparent to him that young neurons must then migrate across the full width of the cerebral wall from the place of origin to their eventual destiny in the neocortex at the surface of the hemisphere. A startling insight relating time of origin to ultimate radial disposition in the cortex was then provided by the Golgi analysis of embryonic brains by von Koelliker [1896] , who realized that the maturation and origin sequence of postmigratory neurons in the cortical anlage could be read from the relative degree of elaboration of apical and then basal dendritic arbors ( fig. 1 ). Because this important insight is not widely appreciated, we quote here from his original text:
'Die Pyramidalenzellen anlangend, so gab dieser Embryo den wichtigen Aufschluss, dass dieselben von aussen nach der Tiefe sich entwickeln. Es fanden sich nämlich … immer noch die allerjüngsten bei dem vier-und siebenmonatlichen Embryo gefundenen Stadien in grösster Zahl in der alleräussersten Lage der Zellenschicht, dicht am Stratum zonale ' [von Koelliker, 1896] .
To paraphrase, postmitotic neurons migrate in the order in which they arise to become assembled in an insideto-outside laminar order. Implicit here is the realization that proliferative succession corresponds to laminar class origin succession with the earliest formed assigned to the deepest and successively later formed to successively more superficial layers, that is the 'inside-out' pattern of succession established by experimental DNA-labeling methods more than half a century later [Sidman et al., 1959; Angevine and Sidman, 1961] .
Also in the epoch of His, it was recognized that among the heritable microcephalies [Vogt, 1895; Cunningham, 1895] ( fig. 2 ) were disorders where the neocortex is reduced in width. The laminar order is preserved but the populations of the outer layers are greatly reduced relative to those of the deeper layers [Hammarberg, 1895] ( fig. 3 ). That is, single-gene disorders associated with profound reduction of neuron formation may preferentially have an impact upon the generation of the outer, that is the later specified and formed, classes of neurons. In retrospect we may infer that in these brains, the proper neuronal classes in fact are formed, migrate properly and become positioned properly in laminae with a pattern of subsequent winnowing that yields region-specific architectonic patterns ( fig. 3 ). This pattern is now recognized also to be characteristic of disordered regulation of the proliferative process itself as a consequence of mutation of a diverse set of specific gene mutations in mice [Monuki et al., 2001; Roy et al., 2004; Yun et al., 2004] .
Thus, insights from these early investigations essentially laid out the salient themes of investigations to fol- low over the century focused upon the sequence and scheduling of histogenetic events leading to the elaboration of neocortical cell pattern. These have been the coordinate events of cell production and cell class specification during the proliferative phase, migration, laminar distribution and arrival at final populations and arrangement. Investigations going forward over the past century have greatly illuminated the cell biological and, to a more limited extent, the molecular mechanisms through which the final architectonic pattern of the neocortex is achieved. This extensive body of knowledge will be treated here only in terms of the selected 'chapters', which have had our personal attention over the years. These include the proliferative process itself, certain aspects of migration and the postmigratory events of positioning and cell winnowing.
Neuron Proliferation as Determinant of Architectonic Pattern
The projection neurons of the neocortex arise exclusively in a proliferative epithelium lining the ventricular margin of the embryonic cerebral ventricles [Boulder Images of microcephalics approximately 8 (1), about 20 (2) and around 50-60 years old (3, 4) by the estimate of the author. Basal images of the brain (5, 6) are from subjects 3 and 1 [Cunningham, 1895] . Committee, 1970; Takahashi et al., 1995a; Kriegstein, 2005] . It was the work of Sauer [1935 Sauer [ , 1936 that provided the insight that the epithelium was pseudostratified and that the configuration of the cell changed systematically from an elongate form with abventricular nucleus in the S phase to a rounded form with a nucleus located at the ventricular margin in the M phase of the cell cycle (pseudostratified ventricular epithelium, PVE; fig. 4 ). The initial insight of von Koelliker [1896] that neurons arise in an inside-out order with respect to laminar disposition was abundantly confirmed and amplified in its detail more than half a century later by S phase pulse labeling methods [Sidman et al., 1959; Angevine and Sidman, 1961; Caviness, 1982] . That is, for any given area of the neocortex the neurons are formed in the same overlapping 'inside-out' layer VI to layer II succession. However, neurons of the same class are not produced simultaneously; instead, the succession is initiated rostrolaterally at the margin of the striatal PVE and propagates caudomedially [Sidman et al., 1959b; Angevine and Sidman, 1961; Caviness, 1982; Smart and Smart, 1982; Bayer and Altman, 1991] along what is known as the transverse neurogenetic gradient (TNG) [Bayer and Altman, 1991; Takahashi et al., 1995b; Miyama et al., 1997] .
Events of the profoundest histogenetic significance occur in the course of the proliferative process and, one assumes, therefore, that these are coordinately linked to the proliferative mechanisms themselves. Foremost among these, it now appears, are the specification of neuronal class and of neocortical regions [Rakic, 1988] . Differentiation of laminar-class-specific cytological features continues as the postmitotic neuron settles in its appropriate laminar position and concurrently with the formation of specific connections. This inevitably raises the possibility that specification of these features is induced by interactions among neurons and axonal systems Fig. 3 . Transverse sections stained with methylene blue from normal cortex ( a ) and cortex from gravely cognitively impaired microcephalic subjects ( b ). The Betz cells readily recognized in columns 3 and 4, respectively, identify the corresponding pre-Rolandic gyrus in the normal and microcephalic subjects. The other panels illustrate the corresponding regions of frontal, parietal and occipital association cortical regions. The important generalizations to take from these comparisons is that the microcephalic cortex is laminated with the appropriate radial order by readily recognized classes corresponding to those in the normal subject but that there is marked attenuation of the most superficial layers in the microcephalic brains [Hammarberg, 1895] . Neuronogenesis in the PVE in relation to the 'inside-out pattern' of neocortical layer formation. a The founder proliferative populations and their progeny in both dorsomedial (DCZ) and lateral (LCZ) cortical zones of the PVE execute 11 cell cycles (CC1-CC11) in the course of the 6-day neuronogenetic interval, continuing from the 11th to the 17th embryonic day (E) in the DCZ and from the 10th to the 16th embryonic day in the LCZ. The cycle sequence is initiated earlier and remains advanced by about 24 h in the LCZ relative to the DCZ (note for each cell cycle a 24-hour difference in time of occurrence of corresponding cell cycles in the DCZ and LCZ). The first neurons to arise from either region of the PVE are destined for the deepest cortical layers (dashed curved lines connecting the PVE and layers VI and V), whereas progressively later forming neurons are destined for progressively more superficial layers (solid curved lines connecting the PVE and layers IV and II/III). The daughter cells arising from cycle 11 are the terminal output (TO) of neuronogenesis. Curved arrows in the PVE show interkinetic nuclear migration through G 1 , S, G 2 and M phases of the cell cycle. ML = Molecular layer. Interkinetic nuclear migration is shown for CC2 in the magnified view in the inset on the top left. A fraction of postmitotic cells (Q) leaves the PVE with each cycle and migrates toward the surface of the hemisphere as young neurons. b , c The DCZ and LCZ of the PVE of the embryonic cerebral hemisphere ( b coronal cutaway) give rise (curved arrows connecting b and c ) to neurons destined, respectively, for fields 1 and 40 in the adult hemisphere ( c coronal cutaway) [Takahashi et al., 1999] .
[O' Leary and Nakagawa, 2002; Grove and Fukuchi-Shimogori, 2003 ]. Among the observations that have favored specification occurring prior to the postmitotic state and migration has been that cortical neurons greatly out of position in the reeler mutant mouse not only express principal class characteristic features, but also observe strictly the rules of specificity in the formation of their principal connections including thalamocortical and callosal connections [Devor et al., 1975; Caviness and Yorke, 1976; Caviness and Frost, 1983] ( fig. 5 ). There is the additional evidence that neurons of callosal association may elaborate their axons correctly even before they complete their migrations [Schwartz et al., 1991] and that the topology of thalamocortical connectivity is established by embryonic day 16 in the mouse [Caviness, 1988] , a stage of cortical development where only the infragranular neurons have completed their migration and are in place. Decisive evidence comes, however, from the Gbx-2 mutant, in which cortical laminar assembly and regionalization appear to be largely appropriate despite the fact that the mutant has no thalamocortical projection [Miyashita-Lin et al., 1999] . Nevertheless, it is also evident that there are profound secondary features of neurons, including their patterns of dendritic arborization [Mariani et al., 1977; Pinto and Caviness, 1979] , the formation of barrel configuration in the S1 murine field [Woolsey and van der Loos, 1970; Woolsey and Wann, 1976] and ocular dominance in larger mammals with binocular vision [Hubel et al., 1977] that are predominantly determined by interaction with postmigratory neurons and their afferent inputs. The proliferative process itself proceeds with tight precision along a gradient that extends along the TNG from the rostrolateral to caudomedial borders of the hemisphere ( fig. 6 ). We have shown in the mouse that aligned with the TNG there is an orderly advance in the duration of the cell cycle during which only the G 1 phase (TG1) is lengthened [Takahashi et al., 1995a; Miyama et al., 1997] . Coordinated with the lengthening of TG1, there is an increase in the fraction of postmitotic cells that exits each cell cycle (Q) and a commensurate decline in the fraction that will return to the cycle (P; Q + P = 1.0) [Takahashi et al., 1996] . The parameters Q and TG1 govern more general regulatory aspects of the proliferative process. Thus, the cycle-to-cycle increase in Q as Q ascends its obligatory path from 0.0 (before the first cell becomes postmitotic) to 1.0 (the cycle at which the proliferative population disappears and the last postmitotic Note the absence of the plexiform layer and misplacement and/or inversion of position of some cell classes. The right halves of a and b indicate the territories occupied by callosal (CC) and by thalamocortical terminals (TC) in the normal or reeler mouse, respectively. The distribution of thalamocortical and callosal terminal afferent systems to the neocortex varies in normal and mutant cortex, depending on the position of the target cells [Caviness and Rakic, 1978] .
Caviness /Bhide /Nowakowski Dev Neurosci 2008; 30:82-95 88 cells arise) determines the total number of cycles that will constitute the overall proliferative process [Caviness et al., 2000a; Nowakowski et al., 2002] . The rate at which a given cell cycle domain propagates along the TNG in turn will be proportional to 2 ! the duration of the cell cycle [Caviness et al., 2000a] . Finally as evidence of the close coordination between proliferative mechanisms and those involved in specification, it turns out that across the PVE there is a close correlation between cell cycle number in the 11-cycle sequence, on average accomplished by each proliferative lineage, and the laminar class of neurons arising [Takahashi et al., 1999] ( fig. 7 ) . In wild-type animals, the progression of the two regulated parameters Q and TG1 are closely coordinated. However, in a double transgenic animal that overexpresses the cell cycle inhibitor p27
Kip1
, TG1 is unaffected but Q is increased relative to cycle number. Notably the laminar class specification sequence is also advanced, Expansion and involution of a founder PVE population and cell output in the course of the neuronogenetic interval. The volume of the PVE, the cell output from a single cell cycle (PVE output) and the cumulative cell output are plotted with respect to both the elapsed cell cycles, CC1-CC11, and embryonic days (E) on the abscissa. At the beginning of the neuronogenetic interval, where 0 cell cycles have elapsed (i.e. the beginning of CC1) at 9.00 a.m. on E11, the PVE volume is set at the arbitrary unit value of 1.0, and cell output at this point is by definition 0. The vertical dashed line divides the neuronogenetic interval with respect to where Q and P reach the critical turning point of 0.5. To the left of the vertical dashed line, Q ! 0.5 and the PVE is expanding; to the right of the vertical dashed line, Q 1 0.5 and the PVE is involuting. The PVE size reaches its maximum value at this point, and cell output per cycle is maximum beyond this point. The P fraction cells of CC11 will divide to produce 2 daughter cells, all of which (Q = 1.0) will exit the cell cycle as the terminal output (TO). The contribution of Q from the first half of the 11 cell cycles (CC1-CC6) is only approximately 6%, whereas that of the last 2 cycles (CC10-CC11) and the terminal output is about 50% of the total neuronal population of the cortex at the end of the neuronogenetic interval. Our previous estimate of the cumulative output throughout the full neuronogenetic interval [Caviness et al., 1995] was approximately twice that represented here. This is because the unit founder population was considered to be the population of the cell cycle preceding CC1 for the previous estimate but was considered to be the population at the beginning of G 1 of CC1 in this plot [Takahashi et al., 1996] .
suggesting that the class specification sequence is coordinated with Q [Tarui et al., 2001 ] ( fig. 8 , 9 ). This suggests that Q for each cycle is not only an index of the probability that any postmitotic cell will exit the cycle, but also an index of the probability that this cell will be a neuron of a specific laminar class. With these considerations in mind, the relationship of the proliferative process to the regulated delivery of the successive laminar neuron classes in appropriate numbers becomes apparent. The ascent of Q from 0.0 to 1.0 is nonlinear but monotonic, rising slowly during the first several cycles, then more rapidly to cross the steady-state value of Q of 0.5 and continue beyond to exhaustion of the proliferative process with the final cycle at Q of 1.0 [Takahashi et al., 1996] ( fig. 6 ). At Q = 0.5 the number of cells exiting the cycle is equal to that remaining to sustain the proliferative pool. Prior to this the proliferative pool is expanding in both its radial and tangential dimensions while afterwards it is contracting but only in its radial dimension. In the mouse, the expansion of the proliferative pool in the interval before Q passes 0.5 is approximately 50-fold while the overall multiplicative factor for a given lineage is about 150-fold. The corresponding multiplier values are orders of magnitude greater in larger mammals, in particular in primates where some of this type of data has been collected [Kornack and Rakic, 1998; Nowakowski et al., 2002] . Two points pertinent to earlier discussion follow Kornack and Rakic, 1998 ]. The first is that it would be at Q = 0.5 where the PVE has reached its maximum tangential extent, that one would expect regional specification with the PVE (the protomap) to be consummated [Takahashi et al., 1996; Caviness et al., 2000a] . This is consistent with the observation that when cells arising when Q is about 0.5 complete their migrations they are essentially immediately able to enter into a thalamocortical network that is topologically the same as that of the adult projection [Caviness, 1988] . The second is that for the large number of genetic defects that result in microcephaly characterized by impoverishment of the outer cortical layers, the mechanisms must be mediated via an orderly advance in the rate of progression of Q with cycle [Caviness et al., 2003]. This would lead to a late impoverishment of the proliferative pool of the PVE from which these cells arise.
Postproliferative Events as Determinants of Architectonic Pattern
The reeler mutant mouse has contributed both insight and consternation to this discourse. The mutant was initially recognized and sustained because of its reeling ataxia of gait [Caviness and Rakic, 1978] . Histological examination of the brain identified a universal and dramatic pattern abnormality involving all cortical structures with the exception of the olfactory bulb. Early studies concluded that cell pattern was random, that is without any systematic principle of pattern, and studies based upon dissociation reaggregation experiments in vitro led to the hypothesis that the reeler gene was a master cortical gene that was an indispensable universal determinant of cortical pattern [DeLong and Sidman, 1970; Sidman, 1970] . Reexamination of this material subsequently led to the realization that the cells were not distributed randomly; in fact there was an underlying consistent anomaly in cell position in all affected cortical structures. In the neocortex, architectonic studies based on general cell stains suggested, and pulse chase S phase autoradiography confirmed, that there was a systematic inversion of the radial order of neurons with respect to time of origin Sidman, 1972, 1973; Devor et al., 1975; Caviness, 1976 Caviness, , 1982 . That is, rather than being insideout as in the normal, it was outside-in. There appeared to be no problems with the proliferative mechanisms and their sequences, and the appropriate classes arose in the appropriate order. Moreover, the cortical neurons retained their principal class characteristic features of size and pattern of afferent and efferent connections despite malposition ( fig. 5 ) . Moreover, they appeared to migrate The dashed line (with 45-degree slope) denotes the 'no effect' line, representing a hypothetical function, in which DT and WT littermates have identical values (i.e. no effect of p27 Kip1 overexpression). The slope of the regression line obtained with the actual data is significantly (t test, p = 0.01) lower than that of the 'no effect' line, indicating that the percentage of cells directed to the SG layers was greater in DT mice compared to the WT littermates. Moreover, the field 1 values diverge from the 'no effect' line to a greater extent than the field 40 values, which tend to approximate the line closely. b The percentage of cells that exited the cell cycle on embryonic day 14 and that occupied SG layers at postnatal day 21 in the WT and DT mice is plotted as function of the probability of cell cycle exit (Q). The solid line represents data from the CD1 mouse strain obtained in our earlier work [Takahashi et al., 1996 [Takahashi et al., , 1999 . The data from the current study are plotted as dashed line. Nonlinear regression curves are obtained for both the sets of data. Q values were measured in the ventricular zone of the cerebral wall in the medial and lateral cortical zones (MCZ and LCZ, respectively) on embryonic day 14. The MCZ and LCZ are precursors of fields 1 and 40, respectively. The MCZ and LCZ are separated from each other along the transverse neurogenetic gradient so that the LCZ progenitors are 'in advance' of the MCZ progenitors with regard to cell cycle kinetics. The correlation between Q and percentage of SG cells observed in the WT mice also applies to the DT mice despite the p27 Kip1 overexpression-induced increase in Q. Thus, when Q increases, percent SG increases proportionately, both in the MCZ and the LCZ and both in the WT and DT mice. This indicates that the probability of origin of a given laminar neuron class is a function of the probability of cell cycle exit, regardless of position along the TNG [Tarui et al., 2005] . more or less appropriately until they reached the cortical domain. At that point, from the vantage of electron microscopy, they appeared to freeze in place and in the order that they entered the cortical plane [Pinto-Lord et al., 1982] . In short, the right cells were born at the right time but during their migration they failed to reach the right place.
Subsequent work has cloned the gene, characterized the protein and provided critical insights with respect to its cell classes of origin and about the signaling cascade in which the reeler gene participates [Goffinet, 1995; D'Arcangelo et al., 1997] . Moreover, a variety of 'lookalikes' and near-look-alikes have turned up, some with related and some with unrelated molecular affinities [Gilmore et al., 1998; Ohshima et al., 1999; Ross and Walsh, 2001; Forster et al., 2006] . The mechanisms through which the protein encoded by the normal reeler gene acts to facilitate migration within the cortical plane remains illusive, but considerable progress has been made in understanding the reelin signaling cascade [Forster et al., 2006] . The modern era of work on reeler proceeded concurrently with the signal discovery of Rakic [1971] that the course of migration was guided in its ascent by adherence to the transcerebral radial glial fiber. Certainly this mechanism is among the most indispensable to pattern formation, and recent work, much based upon developmental malformations in man, has begun to identify its vulnerabilities [Mochida and Walsh, 2004] . For example, it is clear from such work that molecular mechanisms related to cytoskeletal elements that are components of migratory mechanisms, are indispensable. The human malformation Lis1, for example, in which there is massive arrest of neuronal migration at a cerebral level superficial to the sagittal strata and within the corona radiata [Stewart et al., 1975] , arises from a mutation in the lis1 gene [Pilz et al., 1998 ]. In this mutation and the closely related 'double cortex' malformation [Corbo et al., 2002] designated originally by Bielschowsky as pachygyria [Stewart et al., 1975] , it is the microtubular system that is disordered. In periventricular nodular heterotopia, the heterotopic neurons are clustered in nodules just above the proliferative epithelium. The mutated gene in this instance is filamen, a component in the microfilament system [Fox and Walsh, 1999; Sheen et al., 2002] .
The final events involved in fine tuning cortical patterning occur within the cortex itself and involve postmigratory cells. There is a complex and extended sequence of developmental processes continuing through all that occurs with the formation of connections and growth. We mention here two critical early events that occur soon after neurons have completed their ascent along the radial glial fiber. We cite first the process of winnowing by histogenetic cell death. This is a process, massive in scale, for which the regulatory mechanisms are little understood. It was appreciated more than 2 decades ago by Finlay and associates that this was a process of great magnitude [Finlay and Slattery, 1983; Janowsky and Finlay, 1983; Finlay et al., 1986; Finlay and Pallas, 1989] . They postulated that in fact the differences in neuron number from area to area and layer to layer within an area were due principally to differential magnitudes of histogenetic cell death rather than differential neuron complement after proliferation and migration. This hypothesis is consistent with the observation based upon quantitative studies. These establish first of all that the same number of neurons appear to be formed in the course of proliferation in multiple regions of the PVE giving rise to the neuronal population in multiple different architectonic fields [Takahashi et al., 1996; Caviness et al., 2000a] . Secondly, in different and widely separate cortical areas and in the separate layers within these areas, the amount of cell death is greatly variable and consistent with a reasonable approximation of the final complement of those layers and fields [Verney et al., 2000] . In the mouse, the process peaks at postnatal day 4, that is, within 48-72 h of the completion of migration, and is completed before the end of the second postnatal week. It appears to proceed concurrently in all fields rather than observing the earlier cytogenetic sequence in the PVE. In this way it is similar to the schedule of synaptogenesis [Bourgeois et al., 1994; Granger et al. 1995; Bourgeois and Rakic, 1996] . This is consistent with the hypothesis that it is governed principally by a process of system matching that is an interaction between cell and afferent systems Cowan, 1982, 1984; Carlson et al., 1986] .
Once the cells have reached their proper position in the neocortex and established their final number by cell death and their appropriate connections with their afferent and efferent targets, additional steps occur to shape the final function of the neocortex. One of these, the production of myelin, has been known for many years [Flechsig, 1920 ] to occur in a specific order that corresponds apparently to the functional needs of the developing infant. Other processes, notably the development of the cortical columns, require functional interactions that include sensory input [Rakic, 1976; Wiesel, 1982; Kanold and Shatz, 2006] .
The sequence of histogenetic events reviewed in brief in these paragraphs is robust, orderly and greatly precise in execution under conditions of normal genetic back-ground and favorable environmental circumstances. However, genetic flaws or unfavorable environmental conditions regularly precede a greatly diverse range of disorders reflecting disruption of a series of entrained histogenetic sequences. The gravest of these may be reflected in topological disruptions with profound limitation of growth while others may be detected only in domains of behavioral adaptation [Caviness et al., 2000b; Takahashi et al., 2003] . The direction of thought over the past century has moved strongly from a grounding in formal origin of the nervous system and its cell biological basis towards an enlarging grasp of molecular biological regulation. It is in this domain of exploration that we place our strongest expectations for an understanding that will lessen the probability and burden of histogenetic failures.
